It has been well realized that anatase TiO 2 transforms to a more thermodynamically stable rutile phase by heat treatment at moderately high temperature, typically higher than 600 ºC. However, by using suitable synthesis condition the anatast-to-rutitle phase transformation can occur at much lower temperature. In this present work, phase transformation during aging of TiO 2 sol at room temperature was investigated. The sol was prepared based on hydrolysis and condensation of tetrabutyl orthotitanate precursor in the presence of small amount of water and hydrochloric acid. During aging time span of 50 days, the sol was sampled every 10 days for crystal structure and size analysis. It was found that aging time had a pronounced effect on anatase-to-rutile phase transformation accompanied by crystallite growth. Complete phase transformation was observed within 40 days of aging.
Introduction
Because of its desirable property, titanium dioxide (TiO 2 ) is one of the most promising ceramic materials that has been widely used in many applications such as white pigment, cosmetic and photocatalyst.
1) The TiO 2 is inexpensive, chemically stable, insoluble under most conditions and readily available materials. In nature, brookite, anatase and rutile are the three common crystalline polymorphs of the TiO 2 . Brookite is difficult to synthesize in the laboratory, while the other two forms have been widely synthesized. Anatase is the low-temperature stable form whereas rutile, the most thermodynamically stable form, can be transformed from anatase form at elevated temperature. Therefore, the phase transformation of anatase to rutile is usually carried out by heat treatment at high temperature. However, by manipulating synthesis parameters, rutile form can also be obtained at low-temperature synthesis condition without post heat treatment. For example, Kim et al. obtained pure rutile precipitates at synthesis temperatures ranging from room temperature to 65 ºC. 2) TiO 2 in the form of nanoparticles can be prepared by different processes such as chemical precipitation, [2] [3] hydrothermal crystallization, [4] [5] pyrolysis, 6) and sol-gel. [7] [8] [9] Sol-gel is one of the most successful techniques for preparation of the TiO 2 nanoparticles. The sol-gel method typically involves the formation of amorphous titanium (hydrous) oxide by hydrolysis and condensation of titanium precursors such as titanium alkoxide. This is followed by the transformation of amorphous to crystalline phases by calcination process. Therefore, to obtain the prepared TiO 2 with a required property for certain application, the control of preparation parameters is necessary. The preparation parameters which are hydrolyzing agent, hydrolyzing temperature, calcination temperature, washing process and pH value have been observed to affect the phase formation, particle size and morphology of the prepared particles. 7, [10] [11] [12] However, other parameters such as the influence of aging period have been studied in very few cases. Therefore, in this study, the effect of aging time of the TiO 2 sol synthesized from titanium alkoxide precursor was investigated.
Materials and methods

Materials
Tetrabutyl orthotitanate (Ti(OBu) 4 , C 16 H 36 O 4 Ti, >97.0 % purity, Fluka) was used as a Ti precursor. Anhydrous ethanol (EtOH, 99.9 % purity, Mallinckrodt) was used as a solvent. A 37% hydrochloric acid (HCl, Merk) was used as a reaction catalyst. All chemicals are AR (Analytical Reagent) grade and were used without further purification.
Experimental procedure
An alcohol-based sol-gel was used to synthesize nanocrystalline TiO 2 . 0.5 M Ti(OBu) 4 was prepared by dissolving Ti(OBu) 4 in anhydrous ethanol. Then the mixture of distilled water, anhydrous ethanol and hydrochloric acid at volume ratio of 2:2:1 was slowly added at a rate of around 1 drop per second under constant stirring at room temperature. The resulting solution was continuously stirred for another 1 h, and then aged in a closed glass bottle at room temperature for 10, 20, 30, 40 and 50 days. For further characterization, the TiO 2 nanoparticles were collected from the suspension by subjecting to rotor-evaporation to reduce the suspension volume, dried in the oven over night, and finally ground into very fine powder.
Material characterization
Crystal structure of the synthesized powder was identified by using an x-ray diffractometer (XRD; JEOL JDX-3503). Weight percent of the anatase (W A ) and rutile (W R ) phases was calculated from the XRD patterns using Eqs. (1) and (2) as follow:
where I A and I B are integrated intensity of a (101) reflection of the anatase and of a (110) reflection of the rutile phase, respectively. The value of integrated peak intensity was obtained by performing profile fitting using an XRD pattern processing software (Jade 6.5).
The crystallite size (D, in Å unit) was calculated from peak broadening using the Scherrer approximation, which is defined as
where λ is the wavelength of the x-ray (1.5418 Å), B is the full width at half maximum (FWHM, radian) and θ is the Bragg angle (degree). Crystallite morphology and size were directly observed by using a transmission electron microscope (TEM; JEOL JEM-2010) operated at 200 keV. For TEM observation, the specimen was prepared by dipping a carbon-coated Cu grid into the TiO 2 sol for a few minutes and dried in ambient air.
To further investigate an amorphous component as well as organic residue present in the sample, some of the as-synthesized powders were subjected to a thermogravimetric analysis (TGA, SDTA851e, Mettler Toledo) and a differential scanning calorimetry (DSC, DSC823e, Mettler Toledo). The TGA and DSC analysis were performed at a scanning rate of 10 ºC·min -1 and 5 ºC·min -1 , respectively. The analysis was repeated for several times. Figure 1 shows XRD patterns of dried TiO 2 powders obtained at different aging times (i.e., 10, 20, 30, 40 and 50 days). The major peak corresponding to anatase phase appeared at 2θ equals to 25.3 degrees, while that of the rutile phase appeared at 2θ equals to 27.5 degrees. The XRD patterns indicated that all of the as-synthesized samples consisted of crystalline phase either mixed anatase and rutile or pure rutile, depending on the aging time. Broad and low-intensity peaks of all samples indicated that the anatase and rutile phase had very fine crystallite size, and may also contain non-crystalline components such as a residual organic component or an amorphous along with crystalline TiO 2 phase. Detail investigation of non-crystalline component is described later in Fig. 4 . Note that the presence of non-crystalline component is common for oxide ceramics prepared by wet-chemical process. In many cases, the as-prepared samples were amorphous.
Results and Discussion
9, 12-13) It has also been reported by Hague and Mayo that the as-prepared sample was nanocrystalline, and transformed to amorphous after rising with ethanol. 14) In addition to the presence of titanium (hydrous) oxide amorphous phase, the as-prepared sample also contained alkoxy group from the alkoxide precursor which decomposed by heat treatment at above 200 ºC. Comparing diffraction patterns (a) to (e), the relative intensity of the peaks corresponding to rutile increased with increasing aging time, indicating anatase-to-rutile phase transformation occurring in the suspension. The anatase-to-rutile phase transformation was found to be promoted by prolonged aging as observed by the increase relative intensity of the XRD peaks corresponding to rutile together with the decrease relative intensity of the anatase peaks upon increasing aging time. The content of rutile phase gradually increased from 35% (10 days aging) to 70% (30 days aging). The complete transformation to rutile was observed at 40 days. Moreover, it was anticipated that the resulting rutile phase had better crystallinity and larger crystallite size since the peaks became sharper and narrower. The phase composition and the crystallite size of all samples derived from XRD pattern according to Eqs. (1) ~ (3) are listed in Table 1 . It has been reported that aging at low temperature affected crystallization behavior as well as morphology of the TiO 2 particles although the mechanisms have not been well understood. For instance, the amorphous gel prepared by Hsiang and Lin 12) crystallized to anatase by aging in boiling basic solution. Degree of crystallinity increased with the increase of aging time. Seo et al. 15) found that amorphous titanium hydroxide aged in 0.1 and 0.5 M HCl solutions at 60 ºC for 24 h crystallized to pure anatase, while the one aged in 2 M HCl at the same temperature crystallized to pure rutile. Their similar work 16) also confirmed that crystallization was promoted by aging of the titanium hydroxide in HCl solution. They proposed that the anatase was crystallized first, and then transformed to rutile through dissolution and re-precipitation. The processes were more pronounced at higher HCl concentration. The crystallization was also affected by relative humidity as reported by Slunečko et al. 17) By exposure the TiO 2 sols at room temperature for 8 days, the anatase phase was obtained at low relative humidity while the rutile phase was obtained at high relative humidity (>90% RH). In this present work, aging of the TiO 2 sols was performed in closed glass bottles which isolated the system from outside humidity. This effect was confirmed by placing dried silica gels in a closed bottle for more than 10 days, and the gels remained their original blue color. Therefore, the effect of relative humidity can be excluded. We suspected that anatase-to-rutile phase transformation might undergo through dissolution and re-crystallization of the less thermodynamically stable anatase phase. The crystallization was greatly affected by the presence of Cl -ion as reported by Ciavatta et al. 18) and Cheng et al. 19) In acidic condition and in the presence of Cl -, re-dissolved Ti 4+ ions formed six-folded
2-. These complexes might favor the corner-sharing titanium-oxygen octahedra which is similar to the structure of the rutile. Such arrangement of the Ti-O octahedra was proposed as the mechanism for rutile formation under hydrothermal treatment of titanium chloride precursor.
20)
Figure 2(a) shows a TEM image of the as-synthesized sample obtained from the precursor aged for 40 days. Needle-shaped, pure rutile crystals having average dimension of ~10 nm-wide and 60 nm-long are clearly seen. The rutile phase was identified by a selected-area diffraction pattern (inset, Fig. 2(a) ), and by measuring d-spacing of a (110) plane as shown in a high-resolution image (Fig. 2(b) ). By direct observation of several locations in the TEM sample, there were no distinct features that might be an amorphous titanium (hydrous) oxide. Non-crystalline background seen in Fig. 2 (a) might be residual organic alkyl component. After calcination at 400 ºC for 4 h, the needle-shaped rutile crystal grew to more rounded particle of ~50-nm wide and 80-nm long, as shown in Fig. 3 . (Fig. 2(b) ) shows relatively small endothermic peak at 80 -130 o C and large endothermic peak at 130 -220 o C due to the loss of the adsorbed water and decomposition of the organic component, respectively, confirming the result of TGA analysis. No explicit exothermic peak associated with the amorphous-to-anatase transformation observed in the DSC profile, indicating that the sample did not contained detectable amount of amorphous titanium (hydrous) oxide. According to both TEM and thermal analysis results, the TiO 2 sample prepared in this work consisted of crystalline phase of mixed anatase and rutile, or pure rutile depending on the aging time. There were no obvious evident either by TEM observation or by thermal analysis of the presence of observable amorphous titanium (hydrous) oxide component. Nevertheless, the sample also consisted of ~7 wt.% of organic alkyl residue. 
Conclusion
Mixed anatase and rutile of various phase compositions, or pure rutile TiO 2 nanoparticles were synthesized by monitoring the aging time. Aging of the TiO 2 sol at room temperature in a closed system was found to have significant effect on anatse-to-rutile phase transformation, as well as the crystallite size. The anatase was transformed to pure rutile upon aging. This phenomenon was accompanied by the growth of both crystallite phases. There was no explicit evidence of the presence of the amorphous titanium (hydrous) oxide. Nevertheless, the prepared powder consisted of ~7 wt.% of alkyl residue. It was proposed that anatae-to-rutile transformation underwent through dissolution and re-crystallization of the less thermodynamically stable anatase phase.
